(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 
International Bureau 




IIIIIIIIDIOIIHIIIIIIIHIIIII 



(43) International Publication Date (10) International Publication Number 

4 January 2001 (04.01.2001) PCT WO 01/00523 Al 



(51) International Patent Classification 7 : B8 IB 3/00 

(21) International Application Number: PCT/US00/17988 

(22) International Filing Date: 29 June 2000 (29.06.2000) 

(25) Filing Language: English 

(26) Publication Language: English 

(30) Prioriu Data: 

60/141*41* 29 June 1999(29.06.1999) US 

(71) Applicant .ill */. wtf'M/ti/ States except US): RE- 
GENTS oi mi: i mvi;rsity of Minnesota 

[US/USl. Suae NX) tiatc-uav 200 Oak Street SE, Min- 
neapolis. MN 55455 < US i. 

(72) Inventor: and 

(75) Inventor/ Applicant th*r t S oulyn SCHILLER, Peter, J. 
[US/US]; I237«l Heather Street. Coon Rapids, MN 55433 
(US). 



(74) Agent: RAASCH, Kevin, W.; Mueting, Raasch, Geb- 
hardt, P.A., P.O. Box 581415, Minneapolis, MN 55458- 
1415 (US). 

(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CR, CU, CZ, 
DE, DK, DM, DZ, EE, ES, FI, GB, GD, GE, GH, GM, HR, 
HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, LK, LR, 
LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, MX, NO, 
NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK, SL, TJ, TM, TR, 
TT, TZ, UA, UG, US, UZ, VN, YU, ZA, ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZW), Eurasian 
patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM ), European 
patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, EE, 
IT, LU, MC, NL, PT, SE), OAPI patent (BF, BJ, CF, CG, 
CI, CM, GA, GN, GW, ML, MR, NE, SN, TD, TG). 

Published: 

— With international search report. 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations " appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



(54) Title: MICRO-ELECTROMECHANICAL DEVICES AND METHODS OF MANUFACTURE 




(57) Abstract: Micro-electromechanical devices, substrate assemblies from which the devices can be manufactured, and methods 
to manufacture the devices are disclosed. The invention combines the advantages of conventional surface and bulk micromachining 
processes using a sacrificial layer to create an integrated micro-electromechanical system (MEMS) technology that provides high 
performance, high yield, and manufacturing tolerance. The devices manufactured according to the present invention include, but are 
not limited to, pressure sensors, vibration sensors, accelerometers, gas or liquid pumps, flow sensor, resonant devices, and infrared 
detectors. 



0100523A1_L> 



WO 01/00523 PCT/US00/1 7988 



MICRO-ELECTROMECHANICAL DEVICES AND 
METHODS OF MANUFACTURE 



Related Application 

The present application claims the benefit of U.S. provisional application 
10 serial no. 60/141,413, filed on June 29, 1999, which is hereby incorporated by 
reference in its entirety. 

Field of the Invention 

The present invention relates to the field of micro-electromechanical 
15 devices. More particularly, the present invention provides micro- 
electromechanical devices, substrate assemblies for forming such devices, and 
methods of manufacturing the substrate assemblies and devices. 

Background 

20 Micro-electromechanical devices such as pressure sensors, actuators, etc. 

provide advantages in many different applications. Two basic approaches have 
been developed to manufacture the devices using many well-known conventional 
integrated circuit manufacturing techniques. The two basic approaches are 
typically referred to as surface micromachining and backside bulk 

25 micromachining. 

Conventional surface-micromachining technologies do, however, have 
several tradeoffs. Surface micromachining typically has the advantage of 
superior registration since all layers are defined on the same side of the wafer 
using conventional planar lithographic processes. The transducer elements 

30 (piezoelectric capacitors, piezoresistive elements, etc.) can be aligned precisely 
to the same features that define the mechanical structure being formed. 
Moreover, because definition of the mechanical structure is performed with 
standard integrated circuit (IC) processes, the features can be transferred in a 
repeatable and precise manner. Good alignment of transducer elements to a 
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high-resolution mechanical structure creates devices with high efficiency 
(performance) and repeatable characteristics. 

Surface micromachining processes do, however, typically require 
encapsulation layers that are impervious to very aggressive chemicals used in 

5 forming the features on the front surface of the devices. By definition, surface- 
micromachining exposes the surface of the wafer to a variety of etchants and 
other removal processes. For example, in the case of sacrificial phosphosilicate 
glass (PSG) layers, the encapsulation layer may need to protect all vulnerable 
layers from highly-concentrated hydrofluoric acid (HF) liquid or vapor. In the 

10 case of sacrificial polysilicon and/or silicon layers, the encapsulation layer may 
need to protect all other materials from a heated potassium-hydroxide (KOH) or 
tetramethyl-ammonium-hydroxide (TMAH) solution. 

Regardless, the encapsulation layer typically adds to the bulk of the 
devices and may also affect performance by, for example, increasing the stiffness 

15 of a diaphragm used in a pressure sensor or actuator. That additional stiffness 
may reduce sensitivity (in the case of, e.g., a sensor) and/or it may increase the 
power requirements for operating an actuator. To address these issues, it may be 
desirable to reduce the thickness of an encapsulation layer. Reducing the 
encapsulation layer thickness, however, increases the likelihood that the 

20 underlying features on the device will not be adequately protected, thereby 
reducing product yield. As a result, surface micromachined device performance 
is often limited by availability of a thin film technology suitable for 
encapsulation layers. 

Conventional backside bulk-micromachining techniques also have 

25 tradeoffs. The essence of backside silicon micromachining separates the 
machining operation from the fine-featured frontside. However, this same 
characteristic also leads to the limitations of backside bulk-micromachining. 
When the machining proceeds from the backside, front-to-backside alignment 
defines the registration between the mechanical structure and the transducer 

30 elements. Generally, the overlay capabilities are coarse and performance is lost. 

Perhaps even more significant, the silicon etch proceeding from the 
backside will reach the frontside at a position dependent on the wafer thickness 
and/or etch profile distribution. For potassium hydroxide (KOH) etching with 
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anisotropic sidewall angle consistently near 53°, each 50pm variation in wafer 
thickness will result in about 30|om variation in the finished position of the 
mechanical feature at the front. In the case of Deep Reactive Ion Etching 
(DRIE), the etch profile varies with feature size and wafer position so that 
5 variations in finished dimensions can also be on the order of tens or even 
hundreds of microns within a single wafer. Combining alignment errors and etch 
profile variations, bulk machining techniques often lead to large discrepancies 
between the frontside-defined transducer elements and the mechanical structure. 



10 Summary of the Invention 

The present invention provides micro-electromechanical devices, 
substrate assemblies from which the devices can be manufactured, and methods 
to manufacture the devices. The invention combines the advantages of 
conventional surface and bulk micromachining processes to create an integrated 

15 micro-electromechanical system (MEMS) technology that provides high 
performance, high yield, and manufacturing tolerance. The devices 
manufactured according to the present invention include, but are not limited to, 
pressure sensors, vibration sensors, accelerometers, gas or liquid pumps, flow 
sensors, resonant devices, and infrared detectors. 

20 One advantage of the present invention is that the mechanical integrity of 

the substrates on which the devices are formed is maintained until the last 
processing steps. By maintaining the mechanical integrity of the substrate while 
all of the front side processing is performed accuracy in the alignment of the 
various structures on the device can be improved as compared to known methods 

25 of manufacturing such devices. As discussed above, in methods in which voids 
are formed in the substrate before all of the front side processing is complete 
(including metallic contacts), alignment and yield can suffer due to the reduced 
mechanical integrity of the underlying substrate. 

Another potential advantage of the present invention is that the fatigue 

30 resistance of the devices may be improved by maintaining an included angle of 
less than 90 degrees between the diaphragm layer and the substrate in the 
devices. 
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Because this invention relates to methods of fabrication that could be 
applied to a wide variety of micro-fabricated sensor and/or actuator devices, the 
scope of application is very wide. Nonlimiting examples of applications in 
which vibration sensors or accelerometers of the present invention may be used 
5 include navigational systems (automotive, aeronautic, personal, etc.); 
environmental monitors (seismic activity, traffic monitors, etc.); equipment 
monitors (industrial equipment, etc.); component monitors (fatigue/crack 
detection, shock threshold detection, etc.); and biomedical monitors (cardiac 
monitor, activity monitor, ultrasonic-GPS, etc.). 

1 0 Nonlimiting examples of applications in which pressure sensors of the 

present invention may be used include aeronautics (altimeter, air velocity, etc.); 
combustion engine applications (combustion diagnostic, exhaust monitor, fuel 
monitor; etc.); and auditory applications (hearing aids, mini-microphones, etc.). 

Nonlimiting examples of applications in which resonant structures of the 

15 present invention may be used include chemical sensing (electronic nose, 
military, biomedical, etc.) and environmental monitors (humidity, biohazard 
detection, pressure, etc.). 

Nonlimiting examples of applications in which pumps of the present 
invention may be used include miniature vacuum systems (mass spectrometry, 

20 medical diagnostics, etc.); drug delivery (implanted drug delivery, precision 
external delivery, etc.); microfluidics (DNA chips, medical diagnostics, etc.); and 
sample extraction (environmental, biomedical, etc.). 

In one aspect, the present invention provides a method of manufacturing 
a micro-electromechanical device having front and back sides, the method 

25 including providing a substrate having a first side located proximate the front 
side of the device and second side proximate the back side of the device; 
providing sacrificial material on a selected area of the first side of the substrate; 
providing a diaphragm layer on the sacrificial material and the first side of the 
substrate surrounding the sacrificial material in the selected area; providing at 

30 least one transducer on the front side of the device, the transducer located over 
the sacrificial material, wherein the transducer includes transducing material and 
electrical contacts in electrical communication with the transducing material; 
forming a void in the substrate from the second side of the substrate towards the 

4 

0100523A1J > 



WO 01/00523 PCT/US00/17988 

first side of the substrate after providing the transducer on the front side of the 
device, wherein at least a portion of the sacrificial material is exposed within the 
void proximate the first side of the substrate; and removing at least a portion of 
the sacrificial material through the void, wherein a portion of the diaphragm 
5 layer is suspended directly above the substrate within the selected area. 

In another aspect, the present invention provides a substrate assembly 
having front and back sides, the assembly including a substrate having a first side 
located proximate the front side of the device and second side proximate the 
back side of the substrate assembly; sacrificial material on the first side of the 

1 0 substrate in a plurality of selected areas; a diaphragm layer covering the 

sacrificial material in the selected areas, the diaphragm layer extending to cover 
the first side of the substrate surrounding the sacrificial material in the selected 
areas; a plurality of transducers on the front side of the device, each of the 
transducers located over at least a portion of each of the selected areas, wherein 

15 the transducer includes transducing material and electrical contacts in electrical 
communication with the transducing material; wherein the sacrificial material in 
the selected areas is encapsulated between the substrate and the diaphragm layer. 
This substrate assembly can then be separated into a plurality of MEMS devices, 
each device including at least one of the transducers. 

20 In another aspect, the present invention provides a micro- 

electromechanical device having front and back sides, the device including a 
substrate having a first side located proximate the front side of the device and 
second side proximate the back side of the device; a void formed through the 
first and second sides of the substrate, the void including an opening proximate 

25 the first side of the substrate; and a diaphragm layer spanning the opening in the 
first side of the substrate and attached to the first side of the substrate, wherein a 
portion of the diaphragm layer is suspended directly above a portion of the 
substrate surrounding the opening of the void; and wherein the suspended 
portion of the diaphragm layer and the substrate form an included angle at their 

30 junction of less than 90 degrees. 

These and other features and advantages of the invention are described 
more completely with respect to various illustrative embodiments below. 

5 
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Brief Description of the Drawings 

Figures 1A-1D illustrate one process of forming a vibration sensor 
according to the present invention. 

Figure 2 is a schematic diagram of one etching apparatus that may be 
5 used in connection with the present invention. 

Figures 3A & 3B are cross-sectional and plan views, respectively, of a 
pressure sensor. 

Figures 4A & 4B are cross-sectional and plan views, respectively, of a 
resonant device. 

1 0 Figures 5 A & 5B are cross-sectional and plan views, respectively, of a 

pump device. 

Detailed Description of Illustrative Embodiments of the Invention 

Illustrative methods and devices according to the present invention will 
15 now be described with reference to the drawings. In general, however, the 

integration of frontside and backside processing technologies may provide a) 

high performance, b) repeatability, c) high yield, d) wide process margins, and e) 

ease of integration. 

Although the various methods and devices are described singly, it will be 
20 understood that the methods of the present invention will typically involve the 

simultaneous production of a number of the devices on a single integral substrate 

assembly using integrated circuit manufacturing techniques. A variety of 

integrated circuit manufacturing techniques are described in, e.g., S. Wolf and R. 

Tauber, Silicon Processing for the VLSI Era, (Sunset Beach, California, Lattice 
25 Press, 1986). The end result, after separation of the devices formed on each 

substrate, may be discrete sensors and/or actuators, but the process will be used 

to manufacture multiple devices at the same time. 

One illustrative method according to the present invention will now be 

described with reference to Figures 1 A- ID in which the formation of a circular 
30 vibration sensor is described. The completed vibration sensor is generally 

circular in shape, although the figures illustrate its construction in cross-section. 

The vibration sensor relies on piezoelectric capacitors to convert mechanical 

strain to an electrical signal by virtue of the primary piezoelectric effect. 
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The method includes the use of a substrate 20 having a front surface 22 
and a back surface 24. It will typically be preferred that the substrate 20 be 
manufactured of materials amenable to processing (e.g., etching) used in the 
production of integrated circuit devices. Examples of some suitable materials for 
5 the substrate 20 include, e.g., silicon wafers and similar structures. It may also 
be preferred that one or both of the surfaces 22 and 24 of the substrate 20 be 
planar to facilitate high resolution processing. 

Sacrificial material 30 is then provided in selected areas on the front 
surface 22 of the substrate 20. The thickness of the sacrificial material 30 in the 

10 selected areas may preferably be about 0.5 to about 1 micrometer. The control 
over the selected areas in which the sacrificial material 30 is deposited may be 
accomplished, e.g., by using patterned photoresist material followed by 
deposition of the patterned material in the selected areas where the photoresist 
has been removed. Alternatively, the sacrificial material 30 may be deposited 

1 5 over substantially all of the front surface 22, followed by patterning and removal 
of the sacrificial material, leaving the sacrificial material 30 in only the selected 
areas as illustrated in Figure 1A. Such techniques are well known and will not 
be described further herein. 

The sacrificial material 30 is preferably selectively removable with 

20 respect to the underlying substrate 20. Where etching is to be used to form voids 
through the substrate 20 from the back surface 24 towards the front surface 22, it 
may be preferred that the sacrificial material act as an etch stop to halt etching 
when the void being formed reaches the underside of the sacrificial material 30. 

Another characteristic that may be exhibited by preferred sacrificial 

25 material 30 is reflowability. In other words, after any patterning material (e.g., 
photoresist) is removed from around the selected areas in which the sacrificial 
material 30 has been deposited, it may be desirable that the sacrificial material 30 
be reflowed to provide desirable smooth edges to the sacrificial material 30 in 
the selected areas. One nonlimiting example of a suitable reflowable sacrificial 

30 material 30 is phosphosilicate glass (PSG). 

Other potential materials for the sacrificial material include heavily 
doped n+ silicon or polysilicon layers. N-type doping levels near the solid 
solubility limit accentuate the lateral etch rate in a variety of wet chemical and 
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dry plasma etchants. Wet chemical etchants commonly used to selectively etch 
n+ silicon or polysilicon include but are not limited to a) KOH, b) TMAH, and c) 
HF/HNO3. Dry plasma etch agents commonly used to rapidly etch n+ silicon 
and polysilicon include but are not limited to a) C12, b) SF6, and c) other CI- or 
5 F-containing gases. Other materials/etchants have been reported in the literature 
and may be appropriate for some applications within the method described here. 

Referring now to Figure IB, with the sacrificial material 30 in locating in 
the selected areas on the front surface 22 of the substrate 20, a diaphragm layer 
40 is deposited over the sacrificial material 30 and on the front substrate surface 
10 22 surrounding the selected areas. The diaphragm layer 40 functions as a 
mechanical support layer over the sacrificial material 30 (which will be removed 
later) for the transducer to be formed over the selected areas of sacrificial 
material 30. The diaphragm layer 40 may have any suitable thickness depending 
on the size of the selected areas of sacrificial material 30, the size of the 
1 5 transducer to be formed on the diaphragm layer 40, and other factors. 

Suitable materials for the diaphragm layer 40 will exhibit sufficient 
mechanical strength to support the transducer structures to be deposited on it 
(after removal of the underlying sacrificial material 30) and the ability to flex 
during the sensing or actuating processes performed by the device. The 
20 diaphragm layer 40 is also preferably formed of materials that are not electrically 
conductive. Examples of suitable materials include silicon nitride, silicon 
dioxide, etc. One preferred material may be a low-stress silicon nitride 
diaphragm layer 40 deposited at a thickness of about 2.0 micrometers. 

After the diaphragm layer 40 is completed, other structures required for 
25 the desired transducer can be formed on the diaphragm layer 40. In the 
illustrated embodiment, conductive electrode layers 52 are provided in selected 
areas on the diaphragm layer 40. The conductive electrode layers 52 may be 
provided by any suitable electrically conductive material that can be provided in 
the desired patterns on the diaphragm layer 40. One example of a suitable 
30 material for the conductive electrode layers 52 is doped polycrystalline silicon. 

The electrode layer 52 may preferably form the lower electrodes for 
connection to, e.g., the transducer elements 50 provided over the selected areas 
containing the sacrificial material 30 (encapsulated between the diaphragm layer 
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40 and the substrate 20). The transducer elements 50 may be formed of any 
suitable transducing material. For the purposes of the present invention, 
"transducing element" is any structure that exhibits a change in one or more 
measurable electrical properties when subjected to mechanical strain or which 
5 exhibits a mechanical force when subjected to an applied electrical stimulus. 
Examples of transducing elements 50 may include layers of piezoelectric 
material, piezoresistive materials, electrically conductive materials, optically 
active materials (e.g., materials that exhibit some change in optical properties in 
response to strain, e.g., a change in transmissivity, absorbance, birefringence, 

10 etc.), magnetostrictive materials, magnetoresistive materials, etc. 

After formation of the transducer elements 50, an upper electrode layer 
56 is formed in electrical communication with the transducing element 50, such 
that the transducing element 50 is in electrical communication with both the 
lower electrode layer 52 and the upper electrode layer 56. The upper electrode 

1 5 layer 56 is manufactured in a manner and using materials that are similar to those 
used for the lower electrode layer 52. In the case of PZT transducer elements, a 
piezoelectric capacitor is formed that converts mechanical strain in the 
diaphragm layer 40 to an electrical signal by virtue of the primary piezoelectric 
effect. 

20 In addition to the transducer element 50 and associated conductive 

electrode layers 52 and 56, the structures provided on the diaphragm layer 40 
also include contacts 54 and 58 that are in electrical communication with the 
lower electrode layer 52 and upper electrode layer 56, respectively. The contact 
54 in electrical communication with the lower electrode layer 52 may be used to 

25 supply, e.g., ground voltage to the transducer element 50 through the lower 
electrode layer 52. 

The electrical contacts 54 and 58 may preferably be formed of a metal or 
metals to facilitate connection of the transducer element 50 to other devices. 
Suitable metals used for the contacts 54 and 58 include any patternable metal or 

30 combination of metals used in integrated circuit manufacturing. Examples 
include, but are not limited to, aluminum, titanium, gold, platinum, tungsten, 
copper, etc. 
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Figure IB thus illustrates one substrate assembly from which a plurality 
of micro-electromechanical devices can be manufactured. Referring now to 
Figure 1C, with the structures on the front side of the substrate assembly 
completed, the voids 70 required to form the desired vibration sensor can be 
5 formed from the back surface 24 of the substrate 20. In one embodiment, the 
back surface 24 of the substrate 20 is patterned and etched using any suitable 
integrated circuit manufacturing technique or techniques. It may be desirable 
that the techniques used be selective to the material of the substrate 20 as 
opposed to the sacrificial material 30 located in the selected areas on the front 

1 0 surface 22 of the substrate. 

In the case of a silicon substrate, it may be preferred to use a Deep 
Reactive Ion Etching (DRIE) process (e.g., an SF6-based Bosch process) to form 
void 70 in the substrate 20. The etching preferably terminates at the underside of 
the sacrificial material 30 as illustrated in Figure 1C. The void 70 is provided in 

15 the shape of an annular ring (when viewed from above or below) that also 
defines the shape of a proof mass 80 located within the void 70 and attached to 
the diaphragm layer 40 within the area defined by the transducing elements 50. 
The proof mass 80 is, as a result, a separated portion of the original substrate 20. 
Other methods may also be used to form the void 70, although one advantage of 

20 DRIE is that the sidewalls of the void may be more orthogonal with respect to 
the back surface 24 of the substrate 20 as compared to other etching processes. 

Other techniques may alternatively be used to form void 70. For 
example, chlorinated gas species are often used for etching silicon and 
polysilicon. Also, plasma etching is not the only available method for etching 

25 through the silicon wafer. Wet chemical agents such as KOH and TMAH are 
often used in bulk-micromachining process modules to etch from one side of a 
silicon wafer to the other. While such wet chemicals do not provide the same 
near-vertical etch profile, they may be substituted if DRIE technology is not 
available. 

30 After formation of the void 70 in the substrate 20, the sacrificial material 

30 in the selected areas can be removed to suspend a portion of the diaphragm 
layer 40 directly above the substrate 20 within the selected area previously 
occupied by the sacrificial material as illustrated in Figure ID. Removal of the 

10 
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sacrificial material 30 may preferably be accomplished by exposing only the 
back substrate surface 24 to gas phase hydrofluoric acid (HF) which selectively 
removes the preferred PSG sacrificial material 30 as opposed to the silicon 
substrate 20 and the preferred silicon nitride diaphragm layer 40. 
5 In the preferred methods, the void 70 is formed and the sacrificial 

material 30 is removed without exposing the front of the device (with the 
contacts 54 and 58 and any other features) to the etchants or other materials used 
to form either the void 70 or remove the sacrificial material 30. In other words, 
the removal can be performed by only exposing the back surface 24 of the 
10 substrate 20. No elaborate encapsulation is required for the front side of the 
device. 

The vibration sensor thus formed as seen in cross-section in Figure ID 
includes a diaphragm layer 40, a portion of which is suspended directly above 
the substrate 20 surrounding the void 70. The junction between the diaphragm 
15 layer 40 and the substrate 20 can be subject to fatigue as the sensor is used an the 
diaphragm layer 40 flexes. It may be desirable that the included angle formed 
between the front surface 22 of the substrate 20 and the underside 42 of the 
diaphragm layer 40 be less than 90 degrees to improve fatigue resistance of the 
sensor. 

20 It is in this area where the use of reflowable sacrificial material 30 may 

be beneficial. Reflowing the sacrificial material 30 after removing the patterning 
material can be used to provide sloping edges 32 on the sacrificial material 30. 
Those sloped edges 32 can provide the desired included angle of less than 90 
degrees at the junction of the diaphragm layer 40 and the substrate 20. It may be 

25 even more preferred that the included angle at the junction between the 
diaphragm layer 40 and the substrate 20 be about 75 degrees or less. 

Likewise, the included angle formed at the junction of the diaphragm 
layer 40 and the proof mass 80 is also preferably less than 90 degrees, possibly 
even more preferably about 75 degrees or less, to improve fatigue resistance 

30 there as well. 

It is also desirable when manufacturing devices according to the methods 
of the invention, to provide the void 70 and remove the sacrificial material 30 as 
the last processing steps. By so doing, the mechanical integrity of the substrate 

11 
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20 can be maintained while all of the front side processing is performed, thereby 
improving accuracy in the alignment of the various structures on the device. In 
methods in which voids are formed in the substrate before all of the front side 
processing is complete, alignment and yield can suffer due to the reduced 
5 mechanical integrity of the underlying substrate. 

Figure 2 demonstrates one apparatus suitable for performing gas phase 
etching in a technique that exposes only the back surface 24 of the substrate 20 
and the exposed undersides of the sacrificial material 30 to the etchant A 
container 90 is provided that contains, e.g., a liquid etchant (such as liquid-phase 

10 HF). The substrate 20 is placed over the top 92 of the container 90 and sealed 
around its edges to expose only the back surface 24 of the substrate 20 to the 
etchant. Where gas phase etching is desired, gaseous etchant may be trapped 
within the scaled container 90. In the case of HF etching, the HF vapor within 
the container 90 will typically reach an equilibrium concentration sufficient to 

15 rapidly eich the exposed PSG sacrificial material 30 exposed through the voids 
70. 

To further protect the features on the front of the device, it may be 
desirable to flow, e.g., an inert gas (such as nitrogen, argon, or just air) over the 
front surface during etching to minimize exposure to trace levels of HF or any 

20 other etchant escaping from the container 90. In another variation, it may be 
desirable to heat the device on the container 90 (using, e.g., an infrared lamp) to 
heat the wafer, thereby increasing the reaction rate of the etchant with the 
sacrificial material and promote the evaporation of reaction byproducts. 

Although not mentioned in the prior discussion, another advantage of this 

25 apparatus and method is "dry release". With a dry release process the 
mechanical structure is, in part, separated from the substrate by a method that 
does not involve wet chemical etching. Mechanical stresses applied to the freed 
structure are then only the result of low-viscosity air flow or molecular 
bombardment. By contrast, a "wet release" process requires immersion in a 

30 liquid solution typically following by several aqueous rinse cycles. During the 
liquid-phase process steps, high surface tension and/or high-viscosity fluid flow 
often damage the thin film mechanical structure or lead to stiction-related yield 
loss. 

12 
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The embodiment and methods described with respect to Figures 1A-1D 
provide a vibration sensor using piezoelectric capacitors to convert mechanical 
strain in the membrane to an electrical signal by virtue of the primary 
5 piezoelectric effect The converse piezoelectric describes deformation (strain) 
of a piezoelectric material in response to an applied electric field or signal. That 
effect may be exploited in actuator-type devices such as resonators, pumps, 
valves, etc. wherein mechanical motion is the result of applied electrical energy. 

A second material class embodiment substitutes piezoresistive elements 
10 for the piezoelectric capacitor. Piezoresistive materials demonstrate a change of 
electrical resistance in response to an applied mechanical stress or strain. 
Common piezoresistive materials include but are not limited to a) thin film 
polycrystalline silicon of p- or n-type conductivity, b) single crystal silicon of p- 
or n-type conductivity, and c) various metallic materials such as platinum, gold, 
1 5 aluminum, etc. 

A third embodiment for mechanical-to-electrical energy conversion 
involves electrostatics, most often in the form of capacitive sensors. When the 
physical separation of two electrical conductors is changed, the capacitance 
changes. Conductive layers in a device can be arranged such that the mechanical 
20 strain or displacement changes the capacitance, a property readily detected with 
conventional electronics. Conversely, electrostatics can be employed to create 
mechanical motion from electrical energy in much the same manner. 

In yet another variation, magnetostrictive or magnetoresistive materials 
may be used to convert between mechanical energy and electrical energy. 
25 Figures 3 A and 3B depict a piezoresistive pressure sensor 110 

manufactured according to the present invention. The pressure sensor 110 
includes a diaphragm layer 140 that spans a void 170 formed in substrate 120. 
The void 170 may optionally be sealed on the side of the substrate 120 opposite 
the diaphragm layer 140 by any suitable sealing mechanism, e.g., a layer of 
30 bonded glass, silicon, etc. 

The sensor 110 includes piezoresistive transducer elements 150 that 
change resistivity in response to mechanical strain in the diaphragm layer 140 
caused by pressure changes relative to the pressure within the void 170. The 

13 

NSDOCID: <WO 0100523A1_I_> 



WO 01/00523 PCT/US00/1 7988 

extent of any deflection is dependent on the magnitude of the pressure 
differential on both sides of the diaphragm layer 140. The pressure-dependent 
stress in the diaphragm layer 140 changes the electrical resistance of the 
transducer elements 150, a property that is easily measured with simple 
5 electronics. Fabrication of the pressure-sensing device 110 proceeds as 
described in Figures 1A-1D with the following exceptions; a) piezoresistive 
elements are used instead of piezoelectric capacitors, and b) the shape of the 
void 1 70 is such that no proof mass is retained, c) the vibration sensor requires 
no silicon or glass wafer to seal the void 170. 

10 Figures 4 A and 4B depict a cross-sectional and a top view of a 

piezoelectric resonant device 210 also manufactured according to the present 
invention. The device 210 includes a diaphragm layer 240 that can be driven 
into mechanical oscillation by, e.g., applying an electric signal to a central 
circular piezoelectric capacitor 250a (defined by the upper electrically 

15 conductive layer 252a). The outer donut piezoelectric capacitor 250b (defined 
by the upper electrically conductive layer 252b) can act as a sensor whereby the 
output voltage is dependent on deflection of the diaphragm layer 240. The 
voltages can be applied to the different capacitors 250a and 250b using electrical 
contacts 258a and 258b. 

20 The central and outer capacitors 250a and 250b can be operated as an 

actuator and a sensor pair coupled by the mechanical diaphragm layer 240 to 
provide the elements needed for a resonant feedback loop. The conductive layers 
252a and 252b are preferably configured to efficiently excite the fundamental 
vibration mode of the diaphragm layer 240 suspended over the void 270. In use, 

25 an appropriate signal amplifier would be placed in communication with the 
capacitors such that the electrical signature on the sensing element is amplified 
and applied to the actuating element. 

Fabrication of this resonant device 210 proceeds as described in Figures 
1 A- ID except the void 270 is arranged such that no proof mass is retained. 

30 Figures 5A and 5B depict a cross-sectional and a top view of a 

piezoelectric gas and/or liquid pump that can be manufactured according to the 
present invention. A similar arrangement of the chambers and connecting 
channels may be found in, e.g., U.S. Patent No. 5,466,932 (Young et al.), 
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although the construction differs according to the methods of the present 
invention. The pump 310 can be manufactured using sacrificial material in 
selected areas as described above to suspend portions of the diaphragm layer 340 
above the substrate 320. The pump consists of two valves 316a and 316b on 
either side of a differential volume chamber 318. The electrode configuration for 
the valves 316a/316b and chamber 318 are similar to those used in connection 
with the circular resonant device of Figures 4A and 4B. All lower electrodes are 
preferably connected to ground. 

The various portions of the diaphragm layer 340 can be actuated by 
simultaneously applying opposite polarity voltage levels to the inner and outer 
upper electrodes 352a and 352b. For instance, the diaphragm layer above the 
chamber 318 can be depressed or moved toward the substrate 320 by applying a 
voltage other than ground to the central electrode 352a and voltage of the 
opposite polarity to the outer electrode 352b. Similarly, valves 316a and 316b 
can be actuated by applying voltages to their respective central and outer 
electrodes. 

As an integrated device, the pump 310 operates by flowing liquid or gas 
from one flow channel to the other. Appropriate plumbing ports would 
preferably be made at the back surface 324 of the substrate 320. 

Fluid pumping may be accomplished by opening the inlet valve 316a, 
forcing the diaphragm layer 340 in the chamber 318 up (away from the substrate 
320), and closing the outlet valve 316b. Once these conditions have been 
established, pumping can begin by closing the inlet valve 316a, opening outlet 
valve 316b and reducing the volume of chamber 318. With the volume of 
chamber 318 reduced, the outlet valve 316b is closed and inlet valve 316a is 
opened. Increasing the volume of the chamber 318 then draws fluid into the 
chamber 318. With fluid in the chamber 3 1 8, the inlet valve 3 1 6a can be closed 
and outlet valve 316b opened, followed by reducing the volume of chamber 318 
to force the fluid therein to exit through open outlet valve 316b. Outlet valve 
316b can then be closed, followed by opening of inlet valve 316a and expansion 
of chamber 318 to draw more fluid into the chamber 318. The cycle then 
continues until the desired amount of fluid has been pumped. The efficiency of 
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the valves might be enhanced by incorporating an electrostatic clamping 
mechanism. 



The preceding specific embodiments are illustrative of the practice of the 
5 invention. This invention may be suitably practiced in the absence of any 
element or item not specifically described in this document. The complete 
disclosures of all patents, patent applications, and publications are incorporated 
into this document by reference as if individually incorporated in total. 

Various modifications and alterations of this invention will become 
10 apparent to those skilled in the art without departing from the scope of this 
invention, and it should be understood that this invention is not to be unduly 
limited to illustrative embodiments set forth herein, but is to be controlled by the 
limitations set forth in the claims and any equivalents to those limitations. 
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What is claimed is: 

1 . A method of manufacturing a micro-electromechanical device having 
front and back sides, the method comprising: 

providing a substrate comprising a first side located proximate the 
5 front side of the device and second side proximate the back side of the device; 

providing sacrificial material on a selected area of the first side of 

the substrate; 

providing a diaphragm layer on the sacrificial material and the 
first side of the substrate surrounding the sacrificial material in the selected area; 
10 providing at least one transducer on the front side of the device, 

the transducer located over the sacrificial material, wherein the transducer 
comprises transducing material and electrical contacts in electrical 
communication with the transducing material; 

forming a void in the substrate from the second side of the 
1 5 substrate towards the first side of the substrate after providing the transducer on 
the front side of the device, wherein at least a portion of the sacrificial material is 
exposed within the void proximate the first side of the substrate; and 

removing at least a portion of the sacrificial material through the 
void, wherein a portion of the diaphragm layer is suspended directly above the 
20 substrate within the selected area. 

2. A method according to claim 1 , wherein the suspended portion of the 
diaphragm layer and the substrate form an included angle at their junction of less 
than 90 degrees. 

25 

3. A method according to any of claims 1 and 2, wherein the void is formed 
by etching through the substrate while the electrical contacts are exposed on the 
front side of the device. 

30 4. A method according to any of claims 1 to 3, wherein the electrical 
contacts are metallic, and wherein the void is formed by etching through the 
substrate while the metallic electrical contacts are exposed on the front side of 
the device. 
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5. A method according to any of claims 1 to 4, wherein removing the 
sacrificial material comprises selectively etching the sacrificial material. 

6. A method according to claim 5, wherein removing the sacrificial material 
comprises selectively etching the sacrificial material by exposing only the back 
side of the device to an etchant 

7. A method according to claim 6, wherein the etchant is in a gas phase. 

8. A method according to any of claims 1 to 7, wherein providing the 
sacrificial material comprises depositing a layer of the sacrificial material.on the 
first side of the substrate in the selected area. 



15 9. A method according to claim 8, wherein the first side of the substrate is 
planar. 

10. A method according to any of claims 1 to 9, wherein the sacrificial 
material is reflowable, and wherein the method further comprises reflowing the 

20 sacrificial material. 

11. A method according to any of claims 1 to 10, wherein the void comprises 
an opening within the selected area on the first side of the substrate that is 
smaller than the selected area occupied by the sacrificial material. 



25 



30 



12. A method according to any of claims 1 to 1 1, wherein forming the void in 
the substrate further comprises forming a proof mass attached to the diaphragm 
layer, the proof mass comprising a portion of the substrate that is separated 
therefrom. 

13. A method according to claim 12, wherein the void is in the shape of an 
annular ring and the proof mass is cylindrical. 
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14. A method according to either of claims 12 or 13, wherein the suspended 
portion of the diaphragm layer and the proof mass form an included angle at their 
junction of less than 90 degrees. 

5 15. A substrate assembly having front and back sides, the assembly 
comprising: 

a substrate comprising a first side located proximate the front side of the 
device and second side proximate the back side of the substrate assembly; 

sacrificial material on the first side of the substrate in a plurality of 
10 selected areas; 

a diaphragm layer covering the sacrificial material in the selected areas, 
the diaphragm layer extending to cover the first side of the substrate surrounding 
the sacrificial material in the selected areas; 

a plurality of transducers on the front side of the device, each of the 
1 5 transducers located over at least a portion of each of the selected areas, wherein 
the transducer comprises transducing material and electrical contacts in electrical 
communication with the transducing material; 

wherein the sacrificial material in the selected areas is encapsulated 
between the substrate and the diaphragm layer. 

20 

1 6. An assembly according to claim 15, wherein the diaphragm layer and the 
substrate form an included angle at edges of the sacrificial material in the 
selected areas of less than 90 degrees. 

25 1 7. An assembly according to either of claims 15 or 16, wherein the electrical 
contacts are metallic. 

18. An assembly according to any of claims 1 5 to 17, wherein the sacrificial 
material is selectively removable with respect to the diaphragm layer and the 
30 substrate. 
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19. An assembly according to any of claims 15 to 1 8, wherein the sacrificial 
material comprises a layer deposited on the first side of the substrate in the 
selected areas. 

5 20. An assembly according to any of claims 15 to 19, wherein the first side of 
the substrate is planar. 

21. An assembly according to any of claims 15 to 20, wherein the sacrificial 
material comprises reflowed sacrificial material. 

10 

22. An assembly according to claim 21, wherein the sacrificial material 
comprises glass. 

23. A micro-electromechanical device having front and back sides, the device 
15 comprising: 

a substrate comprising a first side located proximate the front side 
of the device and second side proximate the back side of the device; 

a void formed through the first and second sides of the substrate, 
the void comprising an opening proximate the first side of the substrate; and 
20 a diaphragm layer spanning the opening in the first side of the 

substrate and attached to the first side of the substrate, wherein a portion of the 
diaphragm layer is suspended directly above a portion of the substrate 
surrounding the opening of the void; 

wherein the suspended portion of the diaphragm layer and the 
25 substrate form an included angle at their junction of less than 90 degrees. 

24. A device according to claim 23, further comprising a proof mass attached 
to the diaphragm layer, the proof mass comprising a separated portion of the 
substrate in which the void is formed. 

30 

25. A device according to claim 24, wherein the suspended portion of the 
diaphragm layer and the proof mass form an included angle at their junction of 
less than 90 degrees. 

20 
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26. A device according to any of claims 23 to 25, further comprising a 
transducer on the diaphragm layer, wherein the transducer is located above at 
least a portion of the suspended portion of the diaphragm layer. 

27. A device according to any of claims 23 to 26, wherein the first side of the 
substrate is planar 



3NSDOCID: <WO 0100523A1_I_> 



21 



WO 01/00523 PCT/USOO/17988 

1/3 



^1 



3o- 



Figure 1A 




Figure IB 



Vo 




Figure 1C 



0100523A1 I > 



WO 01/00523 



2/3 



PCT/USOO/17988 



so 



S<<> 5V SO \ { ?\ S ? &=> 




Figure ID 



4- 



7o 



20 



Figure 2 



2"/ 





. 0100523A1_L> 



WO 01/00523 



PCTAJS00/17988 



3/3 




258^ 





\ 




"27 o 







^ Figure 4A 

2(0 




Figure 4B 




3NSDOCID: <WO. 



.0100523A1_L> 



INTERNATIONAL SEARCH REPORT 



Intarr tai Application No 

PCT/US 00/17988 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC 7 B81B3/00 



According to International Patent Classification (IPC) or to both national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation seat 

IPC 7 B81B 



iched (classification system followed by classification symbols) 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Bectronic data base consulted during the international search (name of data base and, where practical, 

EPO-Internal , WPI Data, PAJ, INSPEC, COMPENDEX 



search terms used) 



C DOCUMENTS CONSIDERED TO BE RELEVANT 



Category ° Citation of document, wHh incfication. where appropriate, of the relevant passages 



Relevant to darm No. 



DE 42 27 819 A (YAMATAKE HONEYWELL CO LTD) 
25 February 1993 (1993-02-25) 



figures 14-23,33-39 
column 12, line 55 -column 13, line 47 
column 14, line 62 -column 15, line 65 



1-6,8, 
11, 

15-19, 
21-23, 
26,27 



7,14,24, 
25 

9,10,12, 
13,20 



V— 



Further documents are fisted in the continuation of box C. 



El 



Patent family members are isted in annex. 



° Special categories of cited documents : 

"A" document defining the general state of the art which Is not 

considered to be of particular relevance 
"E" earlier document but published on or after the international 

Sing date 

V document which may throw doubts on priority ctaimfs) or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

"O" document referring to an oral oSsdosure, use, exh&rtionor 
other means 

"P" document published prior to the international Sing date but 
later than the priority date claimed 



T" later document published after the international filing date 
or priority date and not in conflict with the application but 
cited to understand the principle or theory underlying the 



"X" document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken aione 

*Y* document of particular relevance; the claimed invention 

cannot be considered to Involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art. 

document member of the same patent tamiy 



Date of the actual completion of the international search 



4 October 2000 



Date of mailing of the international search report 

17/10/2000 



Name and mafling address of the ISA 

European Patent Office, P.B. 581 8 Patent! aan 2 
NL - 2280 HV Rijswifc 
Tel. (431-70) 340^2040. T* 31 651 epo nt. 
Fax: (431-70) 340-3016 



Authorized officer 



Polesello, P 



Form PCT7ISAC10 (( 



«hMt)(JUy10fi2) 



page 1 of 2 



<wo_ 



_01O0523A1_1_> 



INTERNATIONAL SEARCH REPORT 



tnttsrr to I Application No 

PCT/US 00/17988 



C.( Continuation) DOCUMENTS CONSIDERED TO BE RELEVANT 



Category ° Citation of document, with in dicatioa where appropriate, of the relevant passages 



Relevant to claim No. 



US 5 725 785 A (ISHIDA TATSUYA ET AL) 
10 March 1998 (1998-03-10) 
figures 2A.4-18 
column 2, line 5 - line 20 
column 2, line 55 -column 3, line 67 
column 5, line 22 -column 6, line 67 
column 7, line 52 -column 10, line 61 



PATENT ABSTRACTS OF JAPAN 

vol. 014, no. 182 (E-0916), 

12 April 1990 (1990-04-12) 

& JP 02 033974 A (MITSUBISHI ELECTRIC 

CORP), 5 February 1990 (1990-02-05) 

abstract 



US 4 784 721 A (H0LMEN JAMES 0 
15 November 1988 (1988-11-15) 



ET AL) 



figures 3-8 
column 2, line 5 - line 47 
column 3, line 20 -column 5, line 29 



US 5 332 469 A (MASTRANGEL0 CARLOS H) 
26 July 1994 (1994-07-26) 

figures 1,4 

column 2, line 53 -column 3, line 15 

column 3, line 39 - line 60 

column 6, line 3 -column 8, line 9 



PATENT ABSTRACTS OF JAPAN 

vol. 1998, no. 01, 

30 January 1998 (1998-01-30) 

-& JP 09 237903 A (NIKON CORP), 

9 September 1997 (1997-09-09) 

abstract 

US 5 209 119 A (P0LLA DENNIS L ET AL) 
11 May 1993 (1993-05-11) 
figures 3D-3F 

column 7, line 22 - line 62 



I- 5, 

II- 13 



7,14,24, 
25 

6,8-10, 

15-23, 

26,27 

1,3-6,8, 

9,15, 

17-20,22 



2,7, 
10-14, 
16,21, 
23-27 



1,3-6,8, 

9,15, 

17-20 



2,7, 

10-14, 

16,21-27 

1-5, 

15-18, 

23,26,27 



6-14, 

19-22, 

24,25 

1-27 



10,21,22 



Form PCT/1SA/210 (continuation of second sheet) (Jury 1992) 

0100523A1 I > 



page 2 of 2 



IJN I ERIN ATIOIN AL SEARCH REPORT 

jrmation on patent family members 


Irrterr tal Application No 

PCT/US 00/17988 


Patent document 
cited in search report 


Publication 
date 


Patent family 
members) 


Publication 
date 



DE 4227819 A 25-02-1993 JP 5187947 A 27-07-1993 



US 5725785 A 10-03-1998 JP 8236784 A 13-09-1996 



JP 02033974 A 05-02-1990 NONE 



US 4784721 A 15-11-1988 CA 1295055 A 28-01-1992 

DE 68919870 D 26-01-1995 

DE 68919870 T 29-06-1995 

EP 0330105 A 30-08-1989 

JP 1309384 A 13-12-1989 



US 5332469 



26-07-1994 



US 


5258097 A 


02-11- 


•1993 


DE 


4402085 A 


11-08- 


■1994 


G6 


2274945 A,B 


10-08- 


•1994 


JP 


7007161 A 


10-01- 


•1995 


DE 


4338423 A 


19-05- 


•1994 


6B 


2272571 A,B 


18-05- 


•1994 


JP 


6267929 A 


22-09- 


•1994 



JP 09237903 A 09-09-1997 NONE 



US 5209119 A 11-05-1993 EP 0562031 A 29-09-1993 

JP 6503423 T 14-04-1994 
W0 9210729 A 25-06-1992 



Form PCT/tSA«l O (patera tamty armax) (July 1 «S2) 



NSDOCID: <WO 0100523A1 J_> 



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



CORRECTED VERSION 



(19) World Intellectual Property Organization 
International Bureau 

(43) International Publication Date 
4 January 2001 (04.01.2001) 




(10) International Publication Number 

PCT WO 01/000523 Al 



(51) International Patent Classification 7 : B8 IB 3/00 

(21) International Application Number: PCT/US00/ 17988 

(22) International Filing Date: 29 June 2000 (29.06.2000) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 
Ml/141.413 



29 June 1999 (29.06. 1999) US 



(71) Applicant (for all designated States except US): RE- 
GENTS OF THE UNIVERSITY OF MINNESOTA 

1 1 ISA IS | ; Suhe 600 McNamara Alumni Center, 200 Oak 
Sireel SH, Minneapolis, MN 55455 (US). 

(72) Inventor: and 

(75) Inventor/Applicant (for US only): SCHILLER, Peter, J. 

|HS/US|: 12370 Heather Street, Coon Rapids, MN 55433 
(USl. 



(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CR, CU, CZ, 
DE, DK, DM, DZ, EE, ES, Fl, GB, GD, GE, GH, GM, HR, 
HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, LK, LR, 
LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, MX, NO, 
NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK, SL, TJ, TM, TR, 
TT, TZ, UA, UG, US, UZ, VN, YU, ZA, ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZW), Eurasian 
patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European 
patent (AT, BE, CH, CY, DE, DK, ES, FT, FR, GB, GR, IE, 
IT, LU, MC, NL, PT, SE), OAPI patent (BF, BJ, CF, CG, 
CI, CM, GA, GN, GW, ML, MR, NE, SN, TD, TG). 

Published: 

— with international search report 

(48) Date of publication of this corrected version: 

25 July 2002 

(15) Information about Correction: 

see PCT Gazette No. 30/2002 of 25 July 2002, Section II 



(74) Agent: RAASCH, Kevin, W; Mueting, Raasch, Geb- 
hardi. P.A.. P.O. Box 581415, Minneapolis, MN 55458- 
1415 (US). 



For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



(54) Title: MICRO-HLECTROMECHAN1CAL DEVICES AND METHODS OF MANUFACTURE 



ID 




(57) Abstract: Micro-electromechanical devices, substrate assemblies from which the devices can be manufactured, and methods 
to manufacture the devices are disclosed. The invention combines the advantages of conventional surface and bulk micromachining 
processes using a sacrificial layer to create an integrated micro-electromechanical system (MEMS) technology that provides high 
performance, high yield, and manufacturing tolerance. The devices manufactured according to the present invention include, but are 
not limited to, pressure sensors, vibration sensors, accelerometers, gas or liquid pumps, flow sensor, resonant devices, and infrared 
detectors. 



0100523A1 IA> 



WO 01/000523 



PCT/USO0/17988 



MICRO-ELECTROMECHANICAL DEVICES AND 
METHODS OF MANUFACTURE 



Related Application 

The present application claims the benefit of U.S. provisional application 
10 serial no. 60/141,413, filed on June 29, 1999, which is hereby incorporated by 
reference in its entirety. 

Field of the Invention 

The present invention relates to the field of micro-electromechanical 
1 5 devices. More particularly, the present invention provides micro- 
electromechanical devices, substrate assemblies for forming such devices, and 
methods of manufacturing the substrate assemblies and devices. 

Background 

20 Micro-electromechanical devices such as pressure sensors, actuators, etc. 

provide advantages in many different applications. Two basic approaches have 
been developed to manufacture the devices using many well-known conventional 
integrated circuit manufacturing techniques. The two basic approaches are 
typically referred to as surface micromachining and backside bulk 

25 micromachining. 

Conventional surface-micromachining technologies do, however, have 
several tradeoffs. Surface micromachining typically has the advantage of 
superior registration since all layers are defined on the same side of the wafer 
using conventional planar lithographic processes. The transducer elements 

30 (piezoelectric capacitors, piezoresistive elements, etc.) can be aligned precisely 
to the same features that define the mechanical structure being formed. 
Moreover, because definition of the mechanical structure is performed with 
standard integrated circuit (IC) processes, the features can be transferred in a 
repeatable and precise manner. Good alignment of transducer elements to a 
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high-resolution mechanical structure creates devices with high efficiency 
(performance) and repeatable characteristics. 

Surface micromachining processes do, however, typically require 
encapsulation layers that are impervious to very aggressive chemicals used in 
5 forming the features on the front surface of the devices. By definition, surface- 
micromachining exposes the surface of the wafer to a variety of etchants and 
other removal processes. For example, in the case of sacrificial phosphosilicate 
glass (PSG) layers, the encapsulation layer may need to protect all vulnerable 
layers from highly-concentrated hydrofluoric acid (HF) liquid or vapor. In the 

10 case of sacrificial polysilicon and/or silicon layers, the encapsulation layer may 
need to protect all other materials from a heated potassium-hydroxide (KOH) or 
tetramethyl-ammonium-hydroxide (TMAH) solution. 

Regardless, the encapsulation layer typically adds to the bulk of the 
devices and may also affect performance by, for example, increasing the stiffness 

15 of a diaphragm used in a pressure sensor or actuator. That additional stiffiiess 
may reduce sensitivity (in the case of, e.g., a sensor) and/or it may increase the 
power requirements for operating an actuator. To address these issues, it may be 
desirable to reduce the thickness of an encapsulation layer. Reducing the 
encapsulation layer thickness, however, increases the likelihood that the 

20 underlying features on the device will not be adequately protected, thereby 
reducing product yield. As a result, surface micromachined device performance 
is often limited by availability of a thin film technology suitable for 
encapsulation layers. 

Conventional backside bulk-micromachining techniques also have 

25 tradeoffs. The essence of backside silicon micromachining separates the 
machining operation from the fine-featured frontside. However, this same 
characteristic also leads to the limitations of backside bulk-micromachining. 
When the machining proceeds from the backside, front-to-backside alignment 
defines the registration between the mechanical structure and the transducer 

30 elements. Generally, the overlay capabilities are coarse and performance is lost. 

Perhaps even more significant, the silicon etch proceeding from the 
backside will reach the frontside at a position dependent on the wafer thickness 
and/or etch profile distribution. For potassium hydroxide (KOH) etching with 

2 



INSDOCID: <WO 0100523A1 JA> 



WO 01/000523 



PCT/USOO/17988 



anisotropic sidewaU angle consistently near 53°, each 50jim variation in wafer 
thickness will result in about 30\sm variation in the finished position of the 
mechanical feature at the front. In the case of Deep Reactive Ion Etching 
(DRIE), the etch profile varies with feature size and wafer position so that 
5 variations in finished dimensions can also be on the order of tens or even 
hundreds of microns within a single wafer. Combining alignment errors and etch 
profile variations, bulk machining techniques often lead to large discrepancies 
between the frontside-defined transducer elements and the mechanical structure. 

10 Summary of the Invention 

The present invention provides micro-electromechanical devices, 
substrate assemblies from which the devices can be manufactured, and methods 
to manufacture the devices. The invention combines the advantages of 
conventional surface and bulk micxomachining processes to create an integrated 

15 micro-electromechanical system (MEMS) technology that provides high 
performance, high yield, and manufacturing tolerance. The devices 
manufactured according to the present invention include, but are not limited to, 
pressure sensors, vibration sensors, accelerometers, gas or liquid pumps, flow 
sensors, resonant devices, and infrared detectors. 

20 One advantage of the present invention is that the mechanical integrity of 

the substrates on which the devices are formed is maintained until the last 
processing steps. By maintaining the mechanical integrity of the substrate while 
all of the front side processing is performed accuracy in the alignment of the 
various structures on the device can be improved as compared to known methods 

25 of manufacturing such devices. As discussed above, in methods in which voids 
are formed in the substrate before all of the front side processing is complete 
(including metallic contacts), alignment and yield can suffer due to the reduced 
mechanical integrity of the underlying substrate. 

Another potential advantage of the present invention is that the fatigue 

30 resistance of the devices may be improved by maintaining an included angle of 
less than 90 degrees between the diaphragm layer and the substrate in the 
devices. 

3 

WSDOCID: <WO 0100523A1 JA> 



WO 01/000523 



PCTYUS00/17988 



Because this invention relates to methods of fabrication that could be 
applied to a wide variety of micro-fabricated sensor and/or actuator devices, the 
scope of application is very wide. Nonlimiting examples of applications in 
which vibration sensors or accelerometers of the present invention may be used 
5 include navigational systems (automotive, aeronautic, personal, etc.); 
environmental monitors (seismic activity, traffic monitors, etc.); equipment 
monitors (industrial equipment, etc.); component monitors (fatigue/crack 
detection, shock threshold detection, etc.); and biomedical monitors (cardiac 
monitor, activity monitor, ultrasonic-GPS, etc.). 

10 Nonlimiting examples of applications in which pressure sensors of the 

present invention may be used include aeronautics (altimeter, air velocity, etc.); 
combustion engine applications (combustion diagnostic, exhaust monitor, fuel 
monitor; etc.); and auditory applications (hearing aids, mini-microphones, etc.). 

Nonlimiting examples of applications in which resonant structures of the 

15 present invention may be used include chemical sensing (electronic nose, 
military, biomedical, etc.) and environmental monitors (humidity, biohazard 
detection, pressure, etc.). 

Nonlimiting examples of applications in which pumps of the present 
invention may be used include miniature vacuum systems (mass spectrometry, 

20 medical diagnostics, etc.); drug delivery (implanted drug delivery, precision 
external delivery, etc.); microfluidics (DNA chips, medical diagnostics, etc.); and 
sample extraction (environmental, biomedical, etc.). 

In one aspect, the present invention provides a method of manufacturing 
a micro-electromechanical device having front and back sides, the method 

25 including providing a substrate having a first side located proximate the front 
side of the device and second side proximate the back side of the device; 
providing sacrificial material on a selected area of the first side of the substrate; 
providing a diaphragm layer on the sacrificial material and the first side of the 
substrate surrounding the sacrificial material in the selected area; providing at 

30 least one transducer on the front side of the device, the transducer located over 
the sacrificial material, wherein the transducer includes transducing material and 
electrical contacts in electrical communication with the transducing material; 
forming a void in the substrate from the second side of the substrate towards the 
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first side of the substrate after providing the transducer on the front side of the 
device, wherein at least a portion of the sacrificial material is exposed within the 
void proximate the first side of the substrate; and removing at least a portion of 
the sacrificial material through the void, wherein a portion of the diaphragm 
5 layer is suspended directly above the substrate within the selected area 

In another aspect, the present invention provides a substrate assembly 
having front and back sides, the assembly including a substrate having a first side 
located proximate the front side of the device and second side proximate the 
back side of the substrate assembly; sacrificial material on the first side of the 

1 0 substrate in a plurality of selected areas; a diaphragm layer covering the 

sacrificial material in the selected areas, the diaphragm layer extending to cover 
the first side of the substrate surrounding the sacrificial material in the selected 
areas; a plurality of transducers on the front side of the device, each of the 
transducers located over at least a portion of each of the selected areas, wherein 

1 5 the transducer includes transducing material and electrical contacts in electrical 
communication with the transducing material; wherein the sacrificial material in 
the selected areas is encapsulated between the substrate and the diaphragm layer. 
This substrate assembly can then be separated into a plurality of MEMS devices, 
each device including at least one of the transducers. 

20 In another aspect, the present invention provides a micro- 

electromechanical device having front and back sides, the device including a 
substrate having a first side located proximate the front side of the device and 
second side proximate the back side of the device; a void formed through the 
first and second sides of the substrate, the void including an opening proximate 

25 the first side of the substrate; and a diaphragm layer spanning the opening in the 
first side of the substrate and attached to the first side of the substrate, wherein a 
portion of the diaphragm layer is suspended directly above a portion of the 
substrate surrounding the opening of the void; and wherein the suspended 
portion of the diaphragm layer and the substrate form an included angle at their 

30 junction of less than 90 degrees. 

These and other features and advantages of the invention are described 
more completely with respect to various illustrative embodiments below. 
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Brief Description of the Drawings 
Figures 1A-1D illustrate one process of forming a vibration sensor 
according to the present invention. 

Figure 2 is a schematic diagram of one etching apparatus that may be 
used in connection with the present invention. 

Figures 3A & 3B are cross-sectional and plan views, respectively, of a 
pressure sensor. 

Figures 4A & 4B are cross-sectional and plan views, respectively, of a 
resonant device. 

Figures 5A & 5B are cross-sectional and plan views, respectively, of a 
pump device. 

Detailed Description of Illustrative Embodiments of the Invention 

Illustrative methods and devices according to the present invention will 
15 now be described with reference to the drawings. In general, however, the 
integration of frontside and backside processing technologies may provide a) 
high performance, b) repeatability, c) high yield, d) wide process margins, and e) 
ease of integration. 

Although the various methods and devices are described singly, it will be 
20 understood that the methods of the present invention will typically involve the 
simultaneous production of a number of the devices on a single integral substrate 
assembly using integrated circuit manufacturing techniques. A variety of 
integrated circuit manufacturing techniques are described in, e.g., S. Wolf and R. 
Tauber, Silicon Processing for the VLSI Era, (Sunset Beach, California, Lattice 
25 Press, 1986). The end result, after separation of the devices formed on each 
substrate, may be discrete sensors and/or actuators, but the process will be used 
to manufacture multiple devices at the same time. 

One illustrative method according to the present invention will now be 
described with reference to Figures 1 A- ID in which the formation of a circular 
30 vibration sensor is described. The completed vibration sensor is generally 
circular in shape, although the figures illustrate its construction in cross-section. 
The vibration sensor relies on piezoelectric capacitors to convert mechanical 
strain to an electrical signal by virtue of the primary piezoelectric effect. 

6 
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The method includes the use of a substrate 20 having a front surface 22 
and a back surface 24. It will typically be preferred that the substrate 20 be 
manufactured of materials amenable to processing (e.g., etching) used in the 
production of integrated circuit devices. Examples of some suitable materials for 
5 the substrate 20 include, e.g., silicon wafers and similar structures. It may also 
be preferred that one or both of the surfaces 22 and 24 of the substrate 20 be 
planar to facilitate high resolution processing. 

Sacrificial material 30 is then provided in selected areas on the front 
surface 22 of the substrate 20. The thickness of the sacrificial material 30 in the 
10 selected areas may preferably be about 0.5 to about 1 micrometer. The control 
over the selected areas in which the sacrificial material 30 is deposited may be 
accomplished, e.g., by using patterned photoresist material followed by 
deposition of the patterned material in the selected areas where the photoresist 
has been removed. Alternatively, the sacrificial material 30 may be deposited 
15 over substantially all of the front surface 22, followed by patterning and removal 
of the sacrificial material, leaving the sacrificial material 30 in only the selected 
areas as illustrated in Figure 1A. Such techniques are well known and will not 
be described further herein. 

The sacrificial material 30 is preferably selectively removable with 
20 respect to the underlying substrate 20. Where etching is to be used to form voids 
through the substrate 20 from the back surface 24 towards the front surface 22, it 
may be preferred that the sacrificial material act as an etch stop to halt etching 
when the void being formed reaches the underside of the sacrificial material 30. 

Another characteristic that may be exhibited by preferred sacrificial 
25 material 30 is reflowability. In other words, after any patterning material (e.g., 
photoresist) is removed from around the selected areas in which the sacrificial 
material 30 has been deposited, it may be desirable that the sacrificial material 30 
be reflowed to provide desirable smooth edges to the sacrificial material 30 in 
the selected areas. One nonlimiting example of a suitable reflowable sacrificial 
30 material 30 is phosphosilicate glass (PSG). 

Other potential materials for the sacrificial material include heavily 
doped n+ silicon or polysilicon layers. N-type doping levels near the solid 
solubility limit accentuate the lateral etch rate in a variety of wet chemical and 
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dry plasma etchants. Wet chemical etchants commonly used to selectively etch 
n+ silicon or polysilicon include but are not limited to a) KOH, b) TMAH, and c) 
HF/HNO3. Dry plasma etch agents commonly used to rapidly etch n+ silicon 
and polysilicon include but are not limited to a) C12, b) SF6, and c) other CI- or 
5 F-containing gases. Other materials/etchants have been reported in the literature 
and may be appropriate for some applications within the method described here. 

Referring now to Figure IB, with the sacrificial material 30 in locating in 
the selected areas on the front surface 22 of the substrate 20, a diaphragm layer 
40 is deposited over the sacrificial material 30 and on the front substrate surface 

10 22 surrounding the selected areas. The diaphragm layer 40 functions as a 
mechanical support layer over the sacrificial material 30 (which will be removed 
later) for the transducer to be formed over the selected areas of sacrificial 
material 30. The diaphragm layer 40 may have any suitable thickness depending 
on the size of the selected areas of sacrificial material 30, the size of the 

1 5 transducer to be formed on the diaphragm layer 40, and other factors. 

Suitable materials for the diaphragm layer 40 will exhibit sufficient 
mechanical strength to support the transducer structures to be deposited on it 
(after removal of the underlying sacrificial material 30) and the ability to flex 
during the sensing or actuating processes performed by the device. The 

20 diaphragm layer 40 is also preferably formed of materials that are not electrically 
conductive. Examples of suitable materials include silicon nitride, silicon 
dioxide, etc. One preferred material may be a low-stress silicon nitride 
diaphragm layer 40 deposited at a thickness of about 2.0 micrometers. 

After the diaphragm layer 40 is completed, other structures required for 

25 the desired transducer can be formed on the diaphragm layer 40. In the 
illustrated embodiment, conductive electrode layers 52 are provided in selected 
' areas on the diaphragm layer 40. The conductive electrode layers 52 may be 
provided by any suitable electrically conductive material that can be provided in 
the desired patterns on the diaphragm layer 40. One example of a suitable 

30 material for the conductive electrode layers 52 is doped polycrystalline silicon. 

The electrode layer 52 may preferably form the lower electrodes for 
connection to, e.g., the transducer elements 50 provided over the selected areas 
containing the sacrificial material 30 (encapsulated between the diaphragm layer 
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40 and the substrate 20). The transducer elements 50 may be formed of any 
suitable transducing material. For the purposes of the present invention, 
"transducing element*' is any structure that exhibits a change in one or more 
measurable electrical properties when subjected to mechanical strain or which 
5 exhibits a mechanical force when subjected to an applied electrical stimulus. 
Examples of transducing elements 50 may include layers of piezoelectric 
material, piezoresistive materials, electrically conductive materials, optically 
active materials (e.g., materials that exhibit some change in optical properties in 
response to strain, e.g., a change in transmissivity, absorbance, birefringence, 

10 etc.), magnetostrictive materials, magnetoresistive materials, etc. 

After formation of the transducer elements 50, an upper electrode layer 
56 is formed in electrical communication with the transducing element 50, such 
that the transducing element 50 is in electrical communication with both the 
lower electrode layer 52 and the upper electrode layer 56. The upper electrode 

1 5 layer 56 is manufactured in a manner and using materials that are similar to those 
used for the lower electrode layer 52. In the case of PZT transducer elements, a 
piezoelectric capacitor is formed that converts mechanical strain in the 
diaphragm layer 40 to an electrical signal by virtue of the primary piezoelectric 
effect 

20 In addition to the transducer element 50 and associated conductive 

electrode layers 52 and 56, the structures provided on the diaphragm layer 40 
also include contacts 54 and 58 that are in electrical communication with the 
lower electrode layer 52 and upper electrode layer 56, respectively. The contact 
54 in electrical communication with the lower electrode layer 52 may be used to 

25 supply, e.g., ground voltage to the transducer element 50 through the lower 
electrode layer 52. 

The electrical contacts 54 and 58 may preferably be formed of a metal or 
metals to facilitate connection of the transducer element 50 to other devices. 
Suitable metals used for the contacts 54 and 58 include any patternable metal or 

30 combination of metals used in integrated circuit manufacturing. Examples 
include, but are not limited to, aluminum, titanium, gold, platinum, tungsten, 
copper, etc. 



9 

3NSDOCID: <WO 0100523A1_IA> 



WO 'H/000523 



PCT/USOO/17988 



Figure IB thus illustrates one substrate assembly from which a plurality 
of micro-electromechanical devices can be manufactured Referring now to 
Figure 1C, with the structures on the front side of the substrate assembly 
completed, the voids 70 required to form the desired vibration sensor can be 
5 formed from the back surface 24 of the substrate 20. In one embodiment, the 
back surface 24 of the substrate 20 is patterned and etched using any suitable 
integrated circuit manufacturing technique or techniques. It may be desirable 
that the techniques used be selective to the material of the substrate 20 as 
opposed to the sacrificial material 30 located in the selected areas on the front 

1 0 surface 22 of the substrate. 

In the case of a silicon substrate, it may be preferred to use a Deep 
Reactive Ion Etching (DRIE) process (e.g., an SF 6 -based Bosch process) to form 
void 70 in the substrate 20. The etching preferably terminates at the underside of 
the sacrificial material 30 as illustrated in Figure 1C. The void 70 is provided in 

15 the shape of an annular ring (when viewed from above or below) that also 
defines the shape of a proof mass 80 located within the void 70 and attached to 
the diaphragm layer 40 within the area defined by the transducing elements 50. 
The proof mass 80 is, as a result, a separated portion of the original substrate 20. 
Other methods may also be used to form the void 70, although one advantage of 

20 DRIE is that the sidewalls of the void may be more orthogonal with respect to 
the back surface 24 of the substrate 20 as compared to other etching processes. 

Other techniques may alternatively be used to form void 70. For 
example, chlorinated gas species are often used for etching silicon and 
polysilicon. Also, plasma etching is not the only available method for etching 

25 through the silicon wafer. Wet chemical agents such as KOH and TMAH are 
often used in bulk-micromachining process modules to etch from one side of a 
silicon wafer to the other. While such wet chemicals do not provide the same 
near-vertical etch profile, they may be substituted if DRIE technology is not 
available. 

30 After formation of the void 70 in the substrate 20, the sacrificial material 

30 in the selected areas can be removed to suspend a portion of the diaphragm 
layer 40 directly above the substrate 20 within the selected area previously 
occupied by the sacrificial material as illustrated in Figure ID. Removal of the 
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sacrificial material 30 may preferably be accomplished by exposing only the 
back substrate surface 24 to gas phase hydrofluoric acid (HF) which selectively 
removes the preferred PSG sacrificial material 30 as opposed to the silicon 
substrate 20 and the preferred silicon nitride diaphragm layer 40. 
5 In the preferred methods, the void 70 is formed and the sacrificial 

material 30 is removed without exposing the front of the device (with the 
contacts 54 and 58 and any other features) to the etchants or other materials used 
to form either the void 70 or remove the sacrificial material 30. In other words, 
the removal can be performed by only exposing the back surface 24 of the 
10 substrate 20. No elaborate encapsulation is required for the front side of the 
device. 

The vibration sensor thus formed as seen in cross-section in Figure ID 
includes a diaphragm layer 40, a portion of which is suspended directly above 
the substrate 20 surrounding the void 70. The junction between the diaphragm 
1 5 layer 40 and the substrate 20 can be subject to fatigue as the sensor is used an the 
diaphragm layer 40 flexes. It may be desirable that the included angle formed 
between the front surface 22 of the substrate 20 and the underside 42 of the 
diaphragm layer 40 be less than 90 degrees to improve fatigue resistance of the 
sensor. 

20 It is in this area where the use of reflowable sacrificial material 30 may 

be beneficial. Reflowing the sacrificial material 30 after removing the patterning 
material can be used to provide sloping edges 32 on the sacrificial material 30. 
Those sloped edges 32 can provide the desired included angle of less than 90 
degrees at the junction of the diaphragm layer 40 and the substrate 20. It may be 

25 even more preferred that the included angle at the junction between the 
diaphragm layer 40 and the substrate 20 be about 75 degrees or less. 

Likewise, the included angle formed at the junction of the diaphragm 
layer 40 and the proof mass 80 is also preferably less than 90 degrees, possibly 
even more preferably about 75 degrees or less, to improve fatigue resistance 

30 there as well. 

It is also desirable when manufacturing devices according to the methods 
of the invention, to provide the void 70 and remove the sacrificial material 30 as 
the last processing steps. By so doing, the mechanical integrity of the substrate 
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20 can be maintained while all of the front side processing is performed, thereby 
improving accuracy in the alignment of the various structures on the device. In 
methods in which voids are formed in the substrate before all of the front side 
processing is complete, alignment and yield can suffer due to the reduced 
5 mechanical integrity of the underlying substrate. 

Figure 2 demonstrates one apparatus suitable for performing gas phase 
etching in a technique that exposes only the back surface 24 of the substrate 20 
and the exposed undersides of the sacrificial material 30 to the etchant A 
container 90 is provided that contains, e.g., a liquid etchant (such as liquid-phase 

10 HF). The substrate 20 is placed over the top 92 of the container 90 and sealed 
around its edges to expose only the back surface 24 of the substrate 20 to the 
etchant Where gas phase etching is desired, gaseous etchant may be trapped 
within the sealed container 90. In the case of HF etching, the HF vapor within 
the container 90 will typically reach an equilibrium concentration sufficient to 

15 rapidly etch the exposed PSG sacrificial material 30 exposed through the voids 
70. 

To further protect the features on the front of the device, it may be 
desirable to flow, e.g., an inert gas (such as nitrogen, argon, or just air) over the 
front surface during etching to minimize exposure to trace levels of HF or any 

20 other etchant escaping from the container 90. In another variation, it may be 
desirable to heat the device on the container 90 (using, e.g., an infrared lamp) to 
heat the wafer, thereby increasing the reaction rate of the etchant with the 
sacrificial material and promote the evaporation of reaction byproducts. 

Although not mentioned in the prior discussion, another advantage of this 

25 apparatus and method is "dry release". With a dry release process the 
mechanical structure is, in part, separated from the substrate by a method that 
does not involve wet chemical etching. Mechanical stresses applied to the freed 
structure are then only the result of low-viscosity air flow or molecular 
bombardment. By contrast, a "wet release" process requires immersion in a 

30 liquid solution typically following by several aqueous rinse cycles. During the 
liquid-phase process steps, high surface tension and/or high-viscosity fluid flow 
often damage the thin film mechanical structure or lead to stiction-related yield 
loss. 
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The embodiment and methods described with respect to Figures 1A-1D 
provide a vibration sensor using piezoelectric capacitors to convert mechanical 
strain in the membrane to an electrical signal by virtue of the primary 
5 piezoelectric effect. The converse piezoelectric describes deformation (strain) 
of a piezoelectric material in response to an applied electric field or signal. That 
effect may be exploited in actuator-type devices such as resonators, pumps, 
valves, etc. wherein mechanical motion is the result of applied electrical energy. 

A second material class embodiment substitutes piezoresistive elements 
10 for the piezoelectric capacitor. Piezoresistive materials demonstrate a change of 
electrical resistance in response to an applied mechanical stress or strain. 
Common piezoresistive materials include but are not limited to a) thin film 
polycrystalline silicon of p- or n-type conductivity, b) single crystal silicon of p- 
or n-type conductivity, and c) various metallic materials such as platinum, gold, 
15 aluminum, etc. 

A third embodiment for mechanical-to-electrical energy conversion 
involves electrostatics, most often in the form of capacitive sensors. When the 
physical separation of two electrical conductors is changed, the capacitance 
changes. Conductive layers in a device can be arranged such that the mechanical 
20 strain or displacement changes the capacitance, a property readily detected with 
conventional electronics. Conversely, electrostatics can be employed to create 
mechanical motion from electrical energy in much the same manner. 

In yet another variation, magnetostrictive or magnetoresistive materials 
may be used to convert between mechanical energy and electrical energy. 
25 Figures 3 A and 3B depict a piezoresistive pressure sensor 110 

manufactured according to the present invention. The pressure sensor 110 
includes a diaphragm layer 140 that spans a void 170 formed in substrate 120. 
The void 170 may optionally be sealed on the side of the substrate 120 opposite 
the diaphragm layer 140 by any suitable sealing mechanism, e.g., a layer of 
30 bonded glass, silicon, etc. 

The sensor 110 includes piezoresistive transducer elements 150 that 
change resistivity in response to mechanical strain in the diaphragm layer 140 
caused by pressure changes relative to the pressure within the void 170. The 
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extent of any deflection is dependent on the magnitude of the pressure 
differential on both sides of the diaphragm layer 140. The pressure-dependent 
stress in the diaphragm layer 140 changes the electrical resistance of the 
transducer elements 150, a property that is easily measured with simple 
5 electronics. Fabrication of the pressure-sensing device 110 proceeds as 
described in Figures 1A-1D with the following exceptions; a) piezoresistive 
elements are used instead of piezoelectric capacitors, and b) the shape of the 
void 170 is such that no proof mass is retained, c) the vibration sensor requires 
no silicon or glass wafer to seal the void 170. 
10 Figures 4 A and 4B depict a cross-sectional and a top view of a 

piezoelectric resonant device 210 also manufactured according to the present 
invention. The device 210 includes a diaphragm layer 240 that can be driven 
into mechanical oscillation by, e.g., applying an electric signal to a central 
circular piezoelectric capacitor 250a (defined by the upper electrically 
15 conductive layer 252a). The outer donut piezoelectric capacitor 250b (defined 
by the upper electrically conductive layer 252b) can act as a sensor whereby the 
output voltage is dependent on deflection of the diaphragm layer 240. The 
voltages can be applied to the different capacitors 250a and 250b using electrical 
contacts 258a and 258b. 
20 The central and outer capacitors 250a and 250b can be operated as an 

actuator and a sensor pair coupled by the mechanical diaphragm layer 240 to 
provide the elements needed for a resonant feedback loop. The conductive layers 
252a and 252b are preferably configured to efficiently excite the fundamental 
vibration mode of the diaphragm layer 240 suspended over the void 270. In use, 
25 an appropriate signal amplifier would be placed in communication with the 
capacitors such that the electrical signature on the sensing element is amplified 
and applied to the actuating element. 

Fabrication of this resonant device 210 proceeds as described in Figures 
1 A- ID except the void 270 is arranged such that no proof mass is retained. 
30 Figures 5A and 5B depict a cross-sectional and a top view of a 

piezoelectric gas and/or liquid pump that can be manufactured according to the 
present invention. A similar arrangement of the chambers and connecting 
channels may be found in, e.g., U.S. Patent No. 5,466,932 (Young et aL), 
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although the construction differs according to the methods of the present 
invention. The pump 310 can be manufactured using sacrificial material in 
selected areas as described above to suspend portions of the diaphragm layer 340 
above the substrate 320. The pump consists of two valves 316a and 316b on 
5 either side of a differential volume chamber 318. The electrode configuration for 
the valves 316a/316b and chamber 318 are similar to those used in connection 
with the circular resonant device of Figures 4A and 4B. All lower electrodes are 
preferably connected to ground. 

The various portions of the diaphragm layer 340 can be actuated by 

10 simultaneously applying opposite polarity voltage levels to the inner and outer 
upper electrodes 352a and 352b. For instance, the diaphragm layer above the 
chamber 318 can be depressed or moved toward the substrate 320 by applying a 
voltage other than ground to the central electrode 352a and voltage of the 
opposite polarity to the outer electrode 352b. Similarly, valves 316a and 316b 

15 can be actuated by applying voltages to their respective central and outer 
electrodes. 

As an integrated device, the pump 310 operates by flowing liquid or gas 
from one flow channel to the other. Appropriate plumbing ports would 
preferably be made at the back surface 324 of the substrate 320. 

20 Fluid pumping may be accomplished by opening the inlet valve 316a, 

forcing the diaphragm layer 340 in the chamber 318 up (away from the substrate 
320), and closing the outlet valve 316b. Once these conditions have been 
established, pumping can begin by closing the inlet valve 31 621, opening outlet 
valve 316b and reducing the volume of chamber 318. With the volume of 

25 chamber 318 reduced, the outlet valve 316b is closed and inlet valve 316a is 
opened. Increasing the volume of the chamber 318 then draws fluid into the 
chamber 318. With fluid in the chamber 318, the inlet valve 3 1 6a can be closed 
and outlet valve 316b opened, followed by reducing the volume of chamber 318 
to force the fluid therein to exit through open outlet valve 316b. Outlet valve 

30 316b can then be closed, followed by opening of inlet valve 316a and expansion 
of chamber 318 to draw more fluid into the chamber 318. The cycle then 
continues until the desired amount of fluid has been pumped. The efficiency of 
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the valves might be enhanced by incorporating an electrostatic clamping 
mechanism. 

The preceding specific embodiments are illustrative of the practice of the 
5 invention. This invention may be suitably practiced in the absence of any 
element or item not specifically described in this document. The complete 
disclosures of all patents, patent applications, and publications are incorporated 
into this document by reference as if individually incorporated in total. 

Various modifications and alterations of this invention will become 
10 apparent to those skilled in the art without departing from the scope of this 
invention, and it should be understood that this invention is not to be unduly 
limited to illustrative embodiments set forth herein, but is to be controlled by the 
limitations set forth in the claims and any equivalents to those limitations. 
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What is claimed is: 

1 . A method of manufacturing a micro-electromechanical device having 
front and back sides, the method comprising: 

providing a substrate comprising a first side located proximate the 
5 front side of the device and second side proximate the back side of the device; 

providing sacrificial material on a selected area of the first side of 

the substrate; 

providing a diaphragm layer on the sacrificial material and the 
first side of the substrate surrounding the sacrificial material in the selected area; 
10 providing at least one transducer on the front side of the device, 

the transducer located over the sacrificial material, wherein the transducer 
comprises transducing material and electrical contacts in electrical 
communication with the transducing material; 

forming a void in the substrate from the second side of the 
1 5 substrate towards the first side of the substrate after providing the transducer on 
the front side of the device, wherein at least a portion of the sacrificial material is 
exposed within the void proximate the first side of the substrate; and 

removing at least a portion of the sacrificial material through the 
void, wherein a portion of the diaphragm layer is suspended directly above the 
20 substrate within the selected area* 

2. A method according to claim 1, wherein the suspended portion of the 
diaphragm layer and the substrate form an included angle at their junction of less 
than 90 degrees. 

25 

3. A method according to any of claims 1 and 2, wherein the void is formed 
by etching through the substrate while the electrical contacts are exposed on the 
front side of the device. 

30 4. A method according to any of claims 1 to 3, wherein the electrical 
contacts are metallic, and wherein the void is formed by etching through the 
substrate while the metallic electrical contacts are exposed on the front side of 
the device. 
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5. A method according to any of claims 1 to 4, wherein removing the 
sacrificial material comprises selectively etching the sacrificial material. 



5 6. A method according to claim 5, wherein removing the sacrificial material 
comprises selectively etching the sacrificial material by exposing only the back 
side of the device to an etchant 

7. A method according to claim 6, wherein the etchant is in a gas phase, 

10 

8. A method according to any of claims 1 to 7, wherein providing the 
sacrificial material comprises depositing a layer of the sacrificial material . on the 
first side of the substrate in the selected area. 



15 9. A method according to claim 8, wherein the first side of the substrate is 
planar. 

10. A method according to any of claims 1 to 9, wherein the sacrificial 
material is reflowable, and wherein the method further comprises reflowing the 
20 sacrificial material. 



11. A method according to any of claims 1 to 1 0, wherein the void comprises 
an opening within the selected area on the first side of the substrate that is 
smaller than the selected area occupied by the sacrificial material. 

25 

12. A method according to any of claims 1 to 1 1 , wherein forming the void in 
the substrate further comprises forming a proof mass attached to the diaphragm 
layer, the proof mass comprising a portion of the substrate that is separated 
therefrom. 

30 

13. A method according to claim 12, wherein the void is in the shape of an 
annular ring and the proof mass is cylindrical. 
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14. A method according to either of claims 12 or 13, wherein the suspended 
portion of the diaphragm layer and the proof mass form an included angle at their 
junction of less than 90 degrees. 

5 15. A substrate assembly having front and back sides, the assembly 
comprising: 

a substrate comprising a first side located proximate the front side of the 
device and second side proximate the back side of the substrate assembly; 

sacrificial material on the first side of the substrate in a plurality of 
10 selected areas; 

a diaphragm layer covering the sacrificial material in the selected areas, 
the diaphragm layer extending to cover the first side of the substrate surrounding 
the sacrificial material in the selected areas; 

a plurality of transducers on the front side of the device, each of the 
1 5 transducers located over at least a portion of each of the selected areas, wherein 
the transducer comprises transducing material and electrical contacts in electrical 
communication with the transducing material; 

wherein the sacrificial material in the selected areas is encapsulated 
between the substrate and the diaphragm layer. 

20 

16. An assembly according to claim 1 5, wherein the diaphragm layer and the 
substrate form an included angle at edges of the sacrificial material in the 
selected areas of less than 90 degrees. 

25 17. An assembly according to either of claims 1 5 or 1 6, wherein the electrical 
contacts are metallic. 

1 8. An assembly according to any of claims 1 5 to 1 7, wherein the sacrificial 
material is selectively removable with respect to the diaphragm layer and the 
30 substrate. 
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19. An assembly according to any of claims 15 to 18, wherein the sacrificial 
material comprises a layer deposited on the first side of the substrate in the 
selected areas. 

5 20. An assembly according to any of claims 1 5 to 19, wherein the first side of 
the substrate is planar. 

21 . An assembly according to any of claims 1 5 to 20, wherein the sacrificial 
material comprises reflowed sacrificial material. 

10 

22. An assembly according to claim 21 , wherein the sacrificial material 
comprises glass. 

23. A micro-electromechanical device having front and back sides, the device 
15 comprising: 

a substrate comprising a first side located proximate the front side 
of the device and second side proximate the back side of the device; 

a void formed through the first and second sides of the substrate, 
the void comprising an opening proximate the first side of the substrate; and 
20 a diaphragm layer spanning the opening in the first side of the 

substrate and attached to the first side of the substrate, wherein a portion of the 
diaphragm layer is suspended directly above a portion of the substrate 
surrounding the opening of the void; 

wherein the suspended portion of the diaphragm layer and the 
25 substrate form an included angle at their junction of less than 90 degrees. 

24. A device according to claim 23, further comprising a proof mass attached 
to the diaphragm layer, the proof mass comprising a separated portion of the 
substrate in which the void is formed. 

30 

25. A device according to claim 24, wherein the suspended portion of the 
diaphragm layer and the proof mass form an included angle at their junction of 
less than 90 degrees. 
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26. A device according to any of claims 23 to 25, further comprising a 
transducer on the diaphragm layer, wherein the transducer is located above at 
least a portion of the suspended portion of the diaphragm layer. 

27. A device according to any of claims 23 to 26, wherein the first side of the 
substrate is planar 
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